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A panel of mouse T-cell lymphomas induced by SL3-3 murine leukemia virus (MLV) and three primer
binding site mutants thereof (A. H. Lund, J. Schmidt, A. Luz, A. B. Sørensen, M. Duch, and F. S. Pedersen,
J. Virol. 73:6117–6122, 1999) were analyzed for the occurrence of recombination between the exogenous input
virus and endogenous MLV-like sequences within the 5* leader region. Evidence of recombination within the
region studied was found in 14 of 52 tumors analyzed. Sequence analysis of a ;330-bp fragment of 44 chimeric
proviruses, encompassing the U5, the primer binding site, and the upstream part of the 5* untranslated region,
enabled us to map recombination sites, guided by distinct scattered nucleotide differences. In 30 of 44 analyzed
sequences, recombination was mapped to a 33-nucleotide similarity window coinciding with the kissing-loop
stem-loop motif implicated in dimerization of the diploid genome. Interestingly, the recombination pattern
preference found in replication-competent viruses from T-cell tumors is very similar to the pattern previously
reported for retroviral vectors in cell culture experiments. The data therefore sustain the hypothesis that the
kissing loop, presumably via a role in RNA dimer formation, constitutes a hot spot for reverse transcriptase-
mediated recombination in MLV.

Recombination by template switching between heterologous
copackaged viral transcripts during reverse transcription con-
stitutes one mechanism by which retroviruses may diversify
and/or overcome the presence of otherwise incapacitating mu-
tations. Retroviruses are known to mutate at a high frequency
(11). Since neither of the two polymerases involved in retrovi-
ral replication, RNA polymerase II or the virally encoded
reverse transcriptase (RT), harbors 39359 proofreading capa-
bility, point mutations due to nucleotide misincorporation oc-
cur frequently (1, 6, 21). Furthermore, the mechanism of re-
verse transcription involves two strand transfer reactions which
are intrinsically erroneous (18, 20, 25). While these features
may allow rapid retroviral diversification, they also result in the
accumulation of defective viral genomes. Though unable to
replicate independently, such defective viral genomes may still
be transcribed and packaged into retroviral particles. Since
retroviral particles contain a diploid genome, defective viral
genomes may be rescued through recombinational patch re-
pair with a heterologous, copackaged genome, resulting in the
formation of a new chimeric provirus (3, 5, 22, 24). In previous
studies, we have analyzed recombination events within the 59
untranslated region, using retroviral vectors containing non-
functional primer binding site (PBS) sequences (13, 14). By
mutating a crucial viral cis element, such as the PBS, normal
vector transduction is impaired, thereby facilitating the selec-
tion of rare transduction events, some of which result from
recombination events. In these studies, a hot spot for recom-
bination was found within the leader region (13, 14), coinciding

precisely with the kissing-loop stem-loop structure involved in
retroviral RNA dimer formation (7, 23).

In the present study, we have extended the analysis of 59
leader recombination to replication-competent viruses by us-
ing an SL3-3 murine leukemia virus (MLV) pathogenesis
model. During analysis of a panel of T-cell tumors derived
from mice injected with wild-type (wt) and PBS-modified
SL3-3 viruses, we previously noted a number of recombination
events between the exogenous, injected SL3-3 virus and MLV-
like sequences endogenous to the mouse genome (12). In this
experiment, a wt SL3-3 MLV was compared to three virus
mutants in which the PBS had been mutated to match the 39
end of either tRNA1

Gln, tRNA3
Lys, or tRNA1,2

Arg, and the viruses
were compared in terms of mean latency period prior to lym-
phoma induction, tumor cell origin, and stability of the intro-
duced mutations (12). To investigate the stability of the intro-
duced PBS mutations, segments from tumor proviruses were
PCR amplified and directly sequenced. In 14 of 52 analyzed
tumors, the resulting sequence readouts were repeatedly highly
ambiguous, with multiple double peaks consistent with simul-
taneous sequencing of different proviral templates (12). Inter-
estingly, evidence of recombination was most often detected in
tumors resulting from infection by the SL3-3-Lys3 mutant,
since chimeric proviruses were detected in 12 of 13 analyzed
tumors. Furthermore, the mean lymphoma latency period of
this mutant was significantly longer than that of wt SL3-3 MLV
(12). We ascribe this prolonged latency period, in combination
with the high frequency of detection of recombinant provi-
ruses, to a diminished replication capacity of the SL3-3-Lys3
mutant. However, the exact reasons for this finding remain
unclear. Interestingly, recombination within the analyzed
leader region was not limited to the apparently stunted SL3-
3-Lys3 mutant but could also be detected in one tumor induced
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by the wt SL3-3-Pro as well as in one mutant harboring an
arginine PBS sequence (12).

To analyze in greater detail the structures of the chimeric
tumor proviruses from 13 of the tumors, PCR amplicons gen-

erated by using a U3-specific primer (primer 1; 59-GATTCCC
AGATGACCGGGGATC-39) and a gag-specific primer (prim-
er 2; 59-TAGGGTCAGACTCAGAGGGGTGGT-39) were
cloned into pGEM-T (Promega) and individual subclones

FIG. 1. Nucleotide sequences of cloned fragments of tumor proviruses resulting from recombination within the leader region of either SL3-3-Lys3, SL3-3-Arg1,2,
or wt SL3-3-pro and endogenous MLV-like sequences. The numbers refer to the distance from the transcription initiation site. For comparison, the sequence of the
SL3-3-Lys3 U5-PBS-leader region is shown at the top. The sequences of the PBS (nucleotides 145 to 162) and the kissing stem-loop (nucleotides 302 to 317) are
underlined. Similarly, at the bottom are shown the sequences of four different MLV-like sequences endogenous to the mouse genome (3, 4, 13, 19). Nucleotides
homologous to SL3-3 MLV are indicated by hyphens, and deleted nucleotides are indicated by colons. Nucleotide differences between SL3-3 and the endogenous
recombination partner (signified by Roman numerals) serve as molecular markers for identification of the site of recombination.
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from each tumor were analyzed by sequencing of approxi-
mately 400 bp of the U5-PBS-59 untranslated leader region,
using primer 1, primer 3 (59-CGCAGGCGCAAAAAGTAGA
TGC-39; specific for the leader region), primer 4 (59-TCCGA
ATCGTGGTCTCGCTGATCCTTGG-39; specific for the U5
region), and primer 5 (59-TTGCATCCGAATCGTGGTCWC
GCT-39; specific for the U5 region). All PCRs in this study
were performed in 100 ml of PCR buffer (Perkin-Elmer) con-
taining 25 pmol of each primer, 0.2 mM each deoxynucleoside
triphosphate, and 3 U of AmpliTaq Gold polymerase (Perkin-
Elmer). Sequencing was performed on both strands with an
automated sequencer (ABI 373; Perkin-Elmer), using a
Thermo Sequenase II dye terminator cycle sequencing kit
(Amersham Pharmacia Biotech). The amplicons from each
tumor were found to contain two types of proviruses, the virus
originally used to infect the mouse and a novel chimeric pro-
virus resulting from recombination between the injected virus
and endogenous MLV-like sequences and characterized by
having a PBS sequence matching the 39 end of a glutamine
tRNA molecule. Aside from the PBS-Gln, the chimeric provi-
ruses contained a pattern of nucleotide substitutions, dele-
tions, and insertions relative to the injected virus and exhibited
a high degree of similarity to previously characterized viruses
endogenous to the mouse genome (3, 4, 13, 19). To retrieve
sufficient subclones for subsequent analysis of the pattern of
recombination, the bacterial colonies from individual subclon-
ings were PCR screened with primer 2 and primer 6 (59-GG
GGGTCTTTCATTTGGAGGT-39; specific for PBS-Gln).
From the resulting sequences, unique recombinants from each
tumor were aligned and compared to the sequence of the
injected SL3-3-Lys3 as well as to sequences of previously char-
acterized endogenous MLVs.

As can be seen in Fig. 1, the recombinant viruses contain
a pattern of alterations relative to SL3-3-Lys3. Within the
;330-bp sequence studied, the 22 markers are relatively evenly
distributed. Interestingly, whereas all of the recombinants con-

tain nucleotide alterations in the U5 region and the upstream
part of the 59 untranslated leader region, most of the recom-
binants contain SL3-3-specific sequences in the downstream
part of the analyzed sequence window. Hence, the distinct
differences between the endogenous recombination partner
and the injected virus may be used as molecular markers to
map the actual site of recombination. While some of the ge-
netic markers, such as IV, VIII, X, XI, and XII, are ubiquitous,
other positions are highly variable (for example, VI, VII, and
IX). Interestingly, some of the genetic markers are mutually
exclusive (for example, I and II/III), thus providing evidence
that several endogenous MLV loci are involved. Furthermore,
marker XIV is present in five different forms which, in com-
bination with the mutually exclusive markers I and II/III, give
rise to eight different recombinants based on analysis of these
four marker positions only. However, the analyzed chimeric
proviruses may result from independent serial recombination
events. Hence, the finding of a large number of different en-
dogenous sequences frozen in the tumors at the time of anal-
ysis could have resulted from initial recombinations involving
only two different endogenous MLV loci followed by addi-
tional secondary recombinations and genetic drift within hy-
pervariable-sequence regions. Given the variation in the ana-
lyzed sequences and the fact that recombinants can be found in
SL3-3-Lys3-, SL3-3-Pro-, and SL3-3-Arg1,2-induced tumors, it
seems likely that recombination took place during viral spread
in the mice. However, prior to injection into mice, the viruses
used in this study were generated by transfection of plasmid
DNA into NIH 3T3 cells. The viruses were allowed to spread
in the cell culture, after which the stability of the introduced
PBS mutations was analyzed by reverse transcription-PCR and
direct sequencing of the resulting amplicon (12). While no
evidence of recombination was detected at this point at the
level of sensitivity of this assay, we cannot exclude the possi-
bility of recombination during viral growth in cell culture.

From the alignment of 44 sequenced proviruses containing

FIG. 2. Simplified structural model of the U5-PBS-leader region of MLV (based on data from references 15 and 26). The nucleotides are numbered relative to the
transcription initiation site. The positions of nucleotide markers are indicated by arrows and roman numerals. Nucleotide substitutions are shown in rounded boxes,
and nucleotide insertions relative to SL3-3-PBS-Lys3 are shown in rectangles. Triangles represent deletions relative to SL3-3-PBS-Lys3. The positions of the U3- and
gag-specific primers used to amplify chimeric proviruses from tumor DNA are indicated by horizontal arrows.
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patches of endogenous MLV sequences of variable length, the
actual site of recombination can be deduced from the presence
or absence of specific marker mutations in the sequences (Fig.
1). Of the 44 recombinations, 42 took place within seven of the
similarity windows studied whereas 2 map to sequences down-
stream. Within the sequence window studied, the distribution
of the recombinations is highly skewed, with 30 of 44 recom-
bination events taking place between markers XVI and XVIII.
Two recombination events took place after marker XVIII, four
recombination events occurred after marker XIX, and individ-
ual cases of recombination were detected after markers X,
XIV, and XX. In some proviral sequences, individual point
mutations are detected that are not present in SL3-3 or in any
known endogenous MLV sequence (for example, position 362
in chimeric provirus 16.65 or position 389 in provirus 42.8).
These mutations may have arisen independently during viral
replication or the subsequent PCR amplification and were not
taken into consideration when the site of recombination was
mapped. However, base substitutions also found in endoge-
nous viruses (for example, position 365 in provirus 41.50) or
occurring repeatedly in different tumors (for example, position
339 [marker XIX] in proviruses 21.10, 21.42, 22.41, and 22.47)
were taken into account when mapping the site of recombina-
tion.

The positions of the marker mutations relative to a putative
secondary structure of the U5-PBS-59 leader region is shown in
Fig. 2. Notably, most of the markers are in apparently non-

paired regions. An exception is a set of complementary muta-
tions at positions 334 and 366, where a possible U-A base pair
has been substituted for a C-G pair. Functional assignments
have been established for stem-loops 2, (SL2), SL3, and SL4.
SL2 contains the kissing-loop motif, a 16-nucleotide palin-
dromic sequence thought to initiate the dimerization process
(7). Marker XVII, an A-to-G substitution situated within the
loop sequence of SL2, allows for the formation of an alterna-
tive dimer involving a G-U base pair. SL3 and SL4 constitute
the core packaging signal of MLV (16). The structures of these
SLs and the GACG loop sequences important for encapsida-
tion (27) are unaffected by the marker mutations. Hence, none
of the marker mutations in the 59 leader region are likely to
have significantly affected the replication capacity of the chi-
meric viruses, in accordance with previous findings (3, 9). Im-
portantly, in 30 of the 44 analyzed viruses, the site of recom-
bination was found to overlap with the kissing-loop motif of
SL2, indicating a functional importance of close RNA-RNA
interactions in this region in mediating recombination.

In previous reports, a site preference for recombination
within the MLV leader region was detected by using crippled
Akv-MLV-derived retroviral vectors harboring nonfunctional
PBS sequences (13, 14). By this approach, normal vector rep-
lication is impaired, enabling easy detection of rare transduc-
tion events involving recombinational patch repair by endog-
enous viral RNA of murine packaging cells. Using several
different vector constructs, a hot spot for recombination cor-

FIG. 3. Model for RT-mediated recombination within the leader region. (Top) Model for recombination of replication-competent SL3-3 viruses in inbred NMRI
mice. Recombinations result from copackaging of an SL3-3 genome with the genome of an endogenous virus and involve intermolecular first-strand transfer from the
endogenous virus to the SL3-3 genome followed by RT-mediated template switching within the leader region. (Bottom) Recombinational rescue of PBS-modified
retroviral vectors in cell culture (data are from reference 13). (Middle) Frequencies of recombinations within the leader region. Circles indicate molecular markers.
Arrows (with frequencies) point to identified sites of recombination. neo indicates the neomycin resistance cassette.
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responding to the region between markers XVI and XVIII was
identified. As shown in Fig. 3, the recombinational cluster
found in tumor proviruses and the hot spot for recombination
identified in cell culture by using retroviral vectors coincide
exactly. Obviously, selective forces other than recombination
frequencies per se, such as effects on RNA processing or trans-
lation initiation, may operate during virus replication in ani-
mals. However, the finding of similar recombination patterns
in single-cycle studies using retroviral vectors and in replica-
tion-competent proviruses from T-cell tumors indicates that
within the 59 leader window studied here, the kissing-loop
motif is particularly prone to recombination.

To explain both the cell culture and animal results, we favor
a model involving RT-mediated homologous recombination
facilitated by direct RNA base pairing at the dimer linkage
structure. In this model (Fig. 3), a copy of the endogenous
recombination partner is copackaged in vivo with a copy of the
injected SL3-3 MLV. Minus-strand strong-stop DNA gener-
ated on the endogenous viral RNA is transferred to the 39 end
of the SL3-3 genome (intermolecular strand transfer); this is
followed by minus-strand synthesis of the SL3-3 coding region.
An intermolecular strand transfer to the genome of the endog-
enous viral RNA sequence within the 59 leader region then
serves to incorporate a PBS sequence matching tRNAGln,
thereby facilitating the second jump of reverse transcription.
Whereas local sequence identity and the length of similarity
windows have previously been proposed to be major determi-
nants in recombinogenic strand transfer (10, 28), data from our
studies, obtained using both replication-competent viruses and
retroviral vectors, underline the importance of specific RNA
structures in promoting recombination within the 59 leader
region. Similarly, recombination preferences mediated by pair-
ing of RNA molecules have also been proposed for other RNA
viruses (17).

Why is recombination preferentially seen in the kissing-loop
motif? It can be speculated that RT pausing due to extended
RNA base pairings in this region promotes template switching.
Alternatively, recombination at the kissing-loop motif may
be promoted by other factors dependent on base pairing, i.e.,
protein binding to the dimer linkage structure or forced copy
choice template switching, perhaps even mediated by RT-me-
diated degradation of double-stranded RNA at the dimeriza-
tion initiation site (2, 8). The presence of RNA structures
mediating recombination may increase the speed of retroviral
evolution by resulting in shuffling of existing mutations,
thereby generate new combinations of variants, possibly with
altered biological properties. The finding of kissing-loop-me-
diated recombinants in T-cell tumors induced by both wt and
PBS-modified SL3-3 MLVs indicates that the kissing loop may
be an important element in viral diversification.
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